Introduction
Quantitative assessment of trophic interactions in marine ecosystems has important implications for multi-species fishery management because fish yields are the result of energy flow from primary producers through the aquatic food web. It is therefore important to determine the energy flow available from the lower trophic levels.
Three measures are needed to assess the relative importance of organisms in food webs: biomass, production, and consumption. If the populations are cropped, estimates of withdrawals are also required. Measurements of biomass of individual species can indicate the relative importance of each species in the food web. In order to maintain their biomass, species need to consume energy. Additional consumption is required for production, and part of the production is then available for other, higher-level consumers in the ecosystem. Estimates of the rate of mass flux into and through populations can then be calculated.
Biomass measurements are relatively easy to make in principle, requiring only effective samplers to be employed in a sufficient number over known areas. However, the assessment of production and consumption is time-consuming and expensive work. Because of multi-annual life cycles, interannual variation, and the large amount of time required for sampling at sea, assembling even the basic data for a single species can take more than a decade. Therefore, indirect methods based on body size and other biological parameters have been developed (McNeill and Lawton, 1970; Humphreys, 1979; Banse and Mosher, 1980) . These empirical relationships have been widely used (Kalejta and Hockey, 1991; Christensen and Pauly, 1993) .
Despite these difficulties, estimates of biomass, production, and consumption of individual species or other taxonomic groups have been obtained by several workers, but few have considered entire assemblages in an ecosystem level (Christensen and Pauly, 1993) , especially in tropical and subtropical regions.
Based on these considerations, the objective of our study was to assess punctual information available for the most abundant groups, in order to obtain system estimates of a subtropical continental shelf. In this article, we estimated the amount of food (organic matter) produced and consumed by lower trophic-level organisms (planktonic and benthic). Higher trophic-level consumers (nektonic) are considered in a second article (Rocha et al., 2003, part II) .
Material and methods
Our study area is located on the continental shelf off Ubatuba, which is on south-eastern coast of Brazil. The study area (23°30′ S-24°30′ S and 44°30′ W-45°30′ W) included waters from 10 to 100 m deep ( Fig. 1) and covered an area of 3800 km 2 . Three water masses occur in the area: Coastal Water (CW), characterised by high temperature (>25°C) and low salinity (32-33); Tropical Water (TW) with intermediate temperature (20-23°C) and high salinity (about 36); and South Atlantic Central Water (SACW) with low temperature (16-18°C) and high salinity (35) (36) . During the summer, nutrient-rich SACW moves onshore and is often found in the central and outer portions of the continental shelf (20-100 m), while CW is found along a narrow band inshore. These water movements result in a vertical stratification over the inner shelf, with a strong thermocline at middle depths. In winter, when SACW is restricted to the outer shelf, horizontal and vertical thermal gradients are reduced and almost no stratification is observed on the inner shelf (Castro-Filho et al., 1987) .
The trophic compartments of the system are based on ecologically and taxonomically related species, considering information of their relative abundance and similarity of diets and habits, reported by Pires-Vanin (1993) . Considering the seasonal water mass dynamics, we decided to estimate biomass, production, and consumption for each compartment in summer and winter. Wet weight (g m -2 ) was used as the unit of standing stock, and a three-monthly period as the unit of time.
The four compartments of plankton were: phytoplankton, bacterioplankton, zooplankton, and salps (present only in summer). The benthic subsystem was divided into brachyura, cnidaria, other carnivorous benthos, detritivorous polychaetes, mollusca (detritivorous gastropoda and bivalvia), polyplacophora (present only in summer), penaeidea-caridea, echinodermata, and other detritivorous benthos (several taxonomic groups, feeding on dissolved and particulate organic matter). Taxonomic composition of these compartments is reported in Table 1 .
As information from direct measurements from the Ubatuba area were not available for each compartment, em- pirical relationships and literature values from other shelf systems were considered. The equations were chosen based on the availability of the parameters we had studied.
Estimates of biomass
Biomass values were available for most of the compartments (Pires-Vanin, 1993) . However, some of these values have to be transformed to wet weight, as reported in Table 2 . We considered 0.06 g C = 1 g wet weight (Valiela, 1995) .
Bacterial biomass was calculated from cell numbers estimated in Ubatuba (Pires-Vanin, 1993) , using the expression proposed by Linley et al. (1981) :
where N is the number of cells (10 6 ml -1 ); V is the mean volume of the cells (µm , and a specific gravity of 1.1 were used (Table 2) . Opitz (1991) .
The volume of salps measured by flow-meters off Ubatuba was 437 ml m -2 . For most plankton samples, weight and volume are readily convertible: 1 ml of plankton weighs approximately 1 g. However, some studies indicated that it is not valid for samples containing large numbers of salps. In this case, wet plankton volume overestimates the volume occupied by the organisms (Ahlstrom and Thrailkill, 1963) . Based on their study, the volume of salps was reduced by 80% (shrinkage) and then corrected for interstitial water value by subtracting 40% of this value.
Benthic biomass was obtained using both trawl and grab values. Sampling techniques were described by Pires-Vanin (1993) . Values for each compartment are reported in Table 1 .
Estimates of production
Data of phytoplankton primary production off Ubatuba in summer and winter (Pires-Vanin, 1993) were converted to wet weight as reported in Table 2 .
As no data of production of bacteria were available for Ubatuba shelf, we used a regression between primary production (PP) and bacterial production (BP), established by Cole et al. (1988) :
Daily values were summed to get 3-month periods (summer and winter), as reported in Table 2. A relationship between zooplankton production (ZP) and primary production (PP) proposed by Cole et al. (1988) was also used:
Daily values were summed to get 3-month periods (summer and winter), as reported in Table 2 .
The annual production of salps was estimated based on respiration rates, according to empirical equations proposed by McNeill and Lawton (1970) and Humphreys (1979) , respectively: log P = 0.8262 log R − 0.0948 log P = 0.971 log R − 0.500 in kcal m -2 year -1
. As salp respiration values were not available for the Ubatuba area, an average value of 0.28 µl mgww -1 h -1 , obtained from values cited for T. democratica by Ikeda (1970) , was used to estimate annual respiration. We transformed the value in µl to kcal considering 1 l O 2 consumed = 5 kcal (Valiela, 1995) , and the production value obtained in kcal to grams of wet weight using a caloric content of 0.22 kcal gww -1 for tunicates (cited by Thayer et al., 1973) . Production of the benthic compartments was estimated from their P/B values, calculated using the empirical relationship proposed by Brey (1999) : Table 2 Estimates of biomass and production of phytoplankton, bacterioplankton, zooplankton, and salps during summer and winter, with annual values. All local data were reported in Pires-Vanin ( (1) Using the empirical relation from Linley et al. (1981) . (2) Using the empirical relation from Cole et al. (1988) . (3) Value converted from Ikeda (1970) . (4) Using the empirical relation from McNeill and Lawton (1970) . (5) Using the empirical relation from Humphreys (1979) . a 0.06 g C = 1 g wet weight (Valiela, 1995 (Thayer et al., 1973) . where P/B is production per biomass (year -1 ), M is mean individual body mass (kJ), TK is temperature in K (=T°C + 273.1), D is depth (m), DLM is dummy motile epifauna, DFC is dummy food carnivore, DTM is dummy taxon mollusca, DTC is dummy taxon crustacea, DTP is dummy taxon polychaeta, DTE is dummy taxon echinodermata and DBL is dummy biotope lake. "Dummy" variable equals 1 if the condition is fulfilled and equals 0, otherwise.The P/B ratios obtained are reported in Table 3 . Brawn et al. (1968) and Thayer et al. (1973) give caloric content values (kcal per gram of wet weight), converted according to a factor of 1 kcal = 4.187 kJ (Christensen and Pauly, 1993) . Because of the lack of P/B estimates for cnidaria and polyplacophora, data cited by Opitz (1991) were used.These ratios were then used to calculate the values of production in summer and winter, as reported in Table 1 .
Estimates of consumption
All the consumption estimates were based on gross efficiency ratios (production per consumption). A value of 0.50 was used for bacterioplankton and of 0.25 for zooplankton (Valiela, 1995) . For salps, an hourly consumption of 2.5% of body carbon (Deibel, 1982) converted to percent wet weight was used.
For the benthic groups, we used gross efficiencies of 0.09 for herbivores and 0.30 for carnivores, following the empirical relationship found by Brey (1999) . An intermediate value of 0.15 was assumed for omnivores.
Results and discussion
The estimates of biomass, production and consumption of each compartment in summer and winter are reported in Table 4 . Plankton biomass, production, and consumption were higher in summer than in winter, mainly because of the presence of salps. Benthic biomass was twice as high in summer as in winter. Nevertheless, production and consumption were similar in both seasons. Values for detritivores in the benthos were always higher than those for the carnivores.
During the summer, planktonic groups accounted for 46% of the biomass, 96.6% of the production, and 76% of the consumption. Benthic groups accounted for 48% of the biomass, represented only 3.0% of the production, but made up to 22.7% of the consumption. Fish and squids contributed little to the system, accounting for 6% of the biomass and less than 2% of the production and consumption. In winter, planktonic groups, mainly the zooplankton, were relatively less abundant (23%) and consumed less (57%), because of the absence of salps. Benthic biomass (66%) and consumption (41%) increased because of the contribution of the detritivorous groups. Nektonic biomass (11%), detailed in Rocha et al. (2003) (part II), was also higher in this season.
Light regime and supply of dissolved inorganic nutrients are important factors in regulating the magnitude of primary Table 3 Dummies (D), wet weight (ww), mass (M), depth (d) and temperature (T) used for estimating production per biomass (P/B, year -1 ) for benthic groups in summer and winter, according to the empirical relation from Brey (1999) . D = dummy, LM = motile epifauna, FC = food carnivore, T = taxon, M = mollusca, C = crustacea, P = polychaeta, E = echinodermata, BL = biotope lake. Log P/B = 10.154 -0.271 log M-2824.247 TK -1 -0.063 log (2) (1) Brawn et al. (1968) . (2) Thayer et al. (1973) . 1 kcal = 4.187 kJ.
production in marine ecosystems. Both might be limiting factors, the former in temperate regions, the second in the tropics and subtropical regions (Smetacek, 1984) . In summer, the dominant influence on productivity of the Ubatuba system is associated with the presence of the South Atlantic Central Water (SACW) that transports cold, nutrient-rich water onto the shelf (Pires-Vanin, 1993). Transient blooms of phytoflagellates, diatoms, and other organisms indicate the importance of the new production. However, the inshore ratio between new and regenerated production (f) was estimated for this system as only 0.05 (subsurface) and 0.10 (bottom) with episodic enrichment increases up to 0.26 (Metzler et al., 1997) . Higher inputs of suspended matter, sediment, and organic matter of continental origin, observed during the rainy season (summer), are some of the other factors that contribute to increase the productivity off Ubatuba in this season (Mahiques, 1995) .
Nevertheless, even with this large input of nutrients, the primary production is not high. The Ubatuba value (266 g C m -2 year -1 ) is higher than that from the southern Brazilian shelf (160 g C m -2 year -1 ) reported by Odebrecht and Garcia (1997) , and from some other systems (Christensen and Pauly, 1993) . However, other systems are more productive. For example, in the Gulf Stream off the Georgia Bight, a tropical shelf ecosystem, Deibel (1985) reported values ranging from 2 to 6 g C m -2 d -1 , much higher than the summer values we observed in Ubatuba (1 g C m -2 d -1 ). An average daily production of 2 g C m -2 d -1 or more is observed in the Peruvian and Benguela upwelling systems (Mendo et al., 1989; Brown et al., 1991) .
In order to estimate global primary production, Longhurst et al. (1995) divided the oceans into four primary domains and 57 biogeochemical provinces. The annual value for Ubatuba (266 g C m -2 year -1 ) was similar to that estimated for the Brazilian province (302 g C m -2 year -1
), but lower than the "coastal domain" and upwelling provinces (~400 g C m -2 year -1 ), systems with the highest values estimated by Longhurst et al. (1995) .
Organic matter released during grazing, as well as sinking dead phytoplankton and zooplankton, may be used by heterotrophic organisms, including bacteria (Cole et al., 1988) . Sporadic events of high chlorophyll-a density and intense herbivory, such as blooms of phytoplankton and salps, constitute important sources of organic matter. In Ubatuba, the higher amount of bacteria in summer might be associated with these events, while phytoplankton senescence might be responsible for the relative increase of detritus-attached bacteria in winter (Pires-Vanin, 1993) .
The relationship proposed by Cole et al. (1988) , used to estimate bacterial production in the Ubatuba system, resulted in mean values near to those cited by Valiela (1995) for tropical regions. However, these were moderate values, resulting from a low primary production, as already discussed.
For warm-water zooplankton species, estimates of daily P/B have converged on values between 0.25 and 0.50 (Shushkina et al., 1978; Longhurst and Pauly, 1987) . However, total zooplankton production has rarely been estimated. In the inland Sea of Japan, copepod production values of 46 and 34 g C m -2 year -1 were, respectively, reported by Koga (1986) and Uye et al. (1987) . In a diagram of energy flow for a plankton community in a Peruvian upwelling zone, values of 0.98 and 0.19 kcal m -2 d -1 were shown for non-predatory and predatory zooplankton, respectively (Shushkina et al., 1978) . However, the reported values were variable and much higher values might be obtained in that and other equatorial systems (Vinogradov et al., 1976; Le Borgne, 1982) . Salps can sometimes be an important constituent of zooplankton. Salp blooms, reaching extremely high concentrations and covering thousands of square kilometres, have been observed in many coastal systems (Deibel, 1985; Paffenhöfer and Lee, 1987; Ménard et al., 1994) . Actual measures of standing crop are crucial for constructing realistic budgets, but accurate determination of the biomass of salps might be difficult. For most plankton samples, weight and volume are readily convertible: 1 ml of plankton weighs approximately 1 g. Salps and total zooplankton, however, differ in proportion of volume to weight. While zooplankton has a relationship of dry weight = 15% wet weight and carbon weight = 45% dry weight (Ikeda, 1970) , the corresponding relationships for salps are 2-4% (of displacement volume) (Riley and Gorgy, 1948; Tranter, 1960) and 5-8% (Harbison and Gilmer, 1976; Le Borgne, 1982) . Therefore, zooplankton samples with different species composition will have different volume/biomass relationships (Ahlstrom and Thrailkill, 1963) . This is a problem in constructing organic matter budgets. In most of the studies, zooplankton (and salps) measures are obtained as volumetric values, which must be converted to biomass.
Moreover, the original live volume of plankton decreases with time of preservation. The amount of decrease is related to the composition, being greatest for samples in which salps are dominant (Ahlstrom and Thrailkill, 1963) . If the determination is made before preservation or within the first few days of collection, the percentage composition and the biomass could be much higher. Assessment of the biomass of gelatinous zooplankton is particularly difficult because these organisms are fragile and patchy in distribution. Therefore, it is not surprising that gelatinous zooplankton has been rarely incorporated into ecosystem models, because reliable data on their abundance and biomass are limited (Alldredge, 1984) . Very few budget studies take salps into consideration (Michaels and Silver, 1988) .
The small phytoplankton biomass observed off Ubatuba in summer might be a result of predation by salps, whose numbers were high. These organisms have high filtration rates (Deibel, 1982; Andersen, 1985) . The wide size range of particles consumed by salps may reduce the concentration of food available both for juvenile and adult copepods (Deibel, 1985) , which could be a reason for the low zooplankton abundance observed in Ubatuba in summer.
There are very few estimates of P/B or production of salps. In the Seto Inland Sea (Japan), Koga (1986) reported a production of 47 g C m -2 year -1 and a P/B ratio equal to 67 year -1 . Le Borgne (1982) estimated a daily P/B of 1.52 for Salpa fusiformes. We have not used this value in our budget because it seems unrealistically high, comparable to the P/B ratios of bacteria and other unicellular organisms (Valiela, 1995) . Growth rate, turnover time, and intrinsic rate of natural increase can be considered as measures of the potential productivity of a population. Although salps show very high values for all these parameters (Heron, 1972) , they are not as high as the values reported for ciliates or bacteria (Fenchel, 1974) .
In this study, the production of salps was estimated from their oxygen consumption (after Ikeda, 1970) . Low respiration values have been frequently reported for medusoid and gelatinous organisms (Ikeda, 1970; Biggs, 1977) . If salps and zooplankton have a similar production/respiration relationship, we could expect a lower P/B for salps than for zooplankton. Another comparison is between thaliaceans and ctenophorans, which have similar respiration rates (Biggs, 1977) and maximum growth rates (Alldredge, 1984) . The value of production estimated here for salps is in the range of 0.02 and 0.12 d -1 cited for Ctenophora in Alldredge (1984) . It seems most probable that the productivity of salps is high at the beginning of a bloom, close to the value estimated by Le Borgne (1982) , then decreasing rapidly, leading to a moderate annual value. P/B ratios cannot be higher than hourly Q/Bs varying from 2.5% to 8.0% reported by Deibel (1982) and Andersen (1985) . Undoubtedly, long and sequential studies are still needed.
Pelagic bacteria are favoured by the increase of organic matter released during grazing by salps, as well as sediment bacteria and benthic organisms, through a rapid sinking of their faecal pellets. This might be the major form of input to the benthos in summer, whereas in winter the contribution of phytoplankton to benthic food supply increases. In some coastal areas, factors such as high sedimentation rates, resuspension, terrestrial input, and input from macroalgal or kelp beds have been reported as relevant for the benthic food supply (Smetacek, 1984) . A C/N ratio study on the origin of the sedimentary organic matter in some bays off Ubatuba showed areas with a predominance of terrestrial contribution and other areas with the main input from pelagic sources (Mahiques, 1995) . The continental input is said to be strongly associated with rainfall, and is more important in summer, while re-suspension is higher in winter, because of a higher frequency of cold fronts (Mahiques, 1995) .
Many estimates have been made on the production of individual benthic species and small taxonomic groups, but few studies have considered entire benthic assemblages (Baird and Milne, 1981; Kalejta and Hockey, 1991) . Furthermore, most estimates of production have been made for shallow areas, such as estuaries and beaches, in temperate regions (Warwick et al., 1978) , and few data are available on the production of benthic faunas on continental shelves (Buchanan and Warwick, 1974) , especially in tropical and subtropical regions (Longhurst and Pauly, 1987) . Species and group P/B rates calculated for the Ubatuba shelf were in the range reported in the literature (Valiela, 1995) . However, for the total macrofauna, considering crustaceans, polychaetes, and molluscs, the P/B ratio was higher (3.4 year -1 ) than those cited in several studies from temperate regions (Baird and Milne, 1981; Warwick et al., 1978) . Kalejta and Hockey (1991) reviewed studies of macrobenthic communities on intertidal mudflats and realised that P/B values were consis-tently lower than 2 from areas north of 40°N. For estuaries between 30°N and 40°N of latitude, P/B rates varied from 3 to 5, near the values from Ubatuba.
Because production data from tropical benthic communities are rare, Longhurst and Pauly (1987) suggested using data on benthic community P/B from comparable studies in temperate regions, such as those of Warwick et al. (1978) , multiplied by a factor of 2 or 3. The range of P/B values suggested by Longhurst and Pauly (1987) would vary from 1.2 to 3.8 year -1 depending on the kind of sediment. The benthic P/B estimated for Ubatuba is within this range of values.
For estuaries, Kalejta and Hockey (1991) found a positive relationship between production of invertebrates and mean annual ambient temperature. Based on their graph, a production of more than 80 g dry weight m -2 year -1 would be expected for Ubatuba (average temperature 20°C). Nevertheless, the annual production of crustaceans, polychaetes, and molluscs in Ubatuba was estimated as equal to 170 g of wet weight (=33 gdw), a lower value than was expected. Apparently, due to the lack of data from tropical regions, the curve established by Kalejta and Hockey (1991) may overestimate the production from tropical regions. On the other hand, much higher production values have been recorded for invertebrates in temperate estuaries, and bays (Baird and Milne, 1981; Wulff and Ulanowicz, 1989 ) than for marine benthos (Buchanan and Warwick, 1974; Warwick et al., 1978) . According to those data, estuarine benthic communities seem to be more productive than marine communities. In any event, more studies of invertebrate productivity in tropical and subtropical ecosystems are required to determine more precisely the relationship between production and latitude.
Increases in P/B ratios from temperate to tropical regions have long been recognised (Longhurst and Pauly, 1987; Kalejta and Hockey, 1991) . It is also widely known that depth and temperature are important factors in determining the magnitude of secondary production, but their importance for productivity has rarely been quantified. Many studies have estimated benthic invertebrate production according to the equation of Banse and Mosher (1980) , based only on body mass. Brey (1999) established an empirical regression for estimating P/B rates that take into account body mass, temperature, and depth, besides taxonomic domains. Brey et al. (1996) performed a test between two methods of estimating P/B from empirical data and P/B values computed by the increment summation method. They concluded that the accuracy of both approaches was low at the population level, but both of them may be useful in investigations on community energetic. Further comparisons between empirical estimates and direct methods are required in order to obtain more realistic P/B values.
Studies on assemblage production are rare, but there are no consumption studies at this level. The only information available refers to individual consumption in the laboratory; there is none on field populations or communities. Therefore, it was not possible to compare our values with other ecosystems.
Biomass values were close to other tropical shelf systems, such as those in Mexico and Venezuela (Christensen and Pauly, 1993) . Production in summer was equal to 2119 g wet weight m -2 3 months -1 , being 1486 from primary production, and 633 from secondary production. In winter, a total of 983 g wet weight m -2 3 months -1 was available, being 704 from primary production, and 279 from secondary production. These values are also close to other continental shelf systems, but lower than those observed in estuaries, and coral reefs (Wulff and Ulanowicz, 1989; Opitz, 1991; Christensen and Pauly, 1993) .
Changing environmental conditions were an important contributing factor underlying the observed trends in the organic matter flow in this system. Total biomass, production, and consumption of Ubatuba continental shelf system were twice as high in summer as in winter. Seasonal differences in availability of food resources from the lower trophic levels are one of the factors that determine fish biomass or fish yields of the system (Rocha et al., 2003, part II) .
Our results suggest that Ubatuba is a pelagic-dominated system during the summer, which, due to the impact of frontal processes, bears some characteristics of upwelling systems. Nonetheless, the importance of detritus on this system is much higher than in upwelling ones, as can be seen in the detritivorous biomass.
It is important to investigate the long-term temporal scale of community dynamics so that ecologists and managers can work in terms of ecological time. Quantitative assessment of trophic interactions is the fundamental part of this dynamics. The knowledge of ecosystem responses is crucial to support management decisions aimed at sustainable exploitation and diversity conservation.
